Introduction
Progressive developments in magnetic-resonance imaging (MRI) technology allow us to assess the cerebrospinal-fluid (CSF) circulation better [1] . Three-dimensional sampling perfection with application optimized contrasts using different flip-angle evolution (3D-SPACE) sequence (Siemens, Erlangen, Germany) is a recently developed technique [2] . This technique is being used more and more in daily practice and related papers are being increasing in the literature. 3D-SPACE technique (GE for CUBE, Philips for VISTA) can be helpful in the diagnosis and follow-up of the patients with hydrocephalus without need for an additional MR examination (such as phase-contrast cine, heavily T2W imaging or cisternography) [1, 3] .
I have been working particularly on the CSF application of 3D-SPACE techniques for more than 9 years. We would like to share our experience related to the value of this novel MRI technique for the radiological evaluation of hydrocephalus. To the best of our knowledge; there is no previous comprehensive review or pictorial essay that explains the role of the 3D-SPACE technique for the evaluation of hydrocephalus.
In this pictorial essay, I discussed the inclusive role and the advantages of 3D-SPACE (especially T2W variant flipangle type) technique for the evaluation of patients with hydrocephalus in the light of the data regarding to the recent literature.
Details of 3D-SPACE technique
3D-SPACE technique leads to the formation of a specific subclass, under the classification of current sequences (Fig. 1 ). This technique is basically a variant of turbo Abstract The major advantages of three-dimensional sampling perfection with application optimized contrasts using different flip-angle evolution (3D-SPACE) technique are its high resistance to artifacts that occurs as a result of radiofrequency or static field, the ability of providing images with sub-millimeter voxel size which allows obtaining reformatted images in any plane due to isotropic three-dimensional data with lower specific absorption rate values. That is crucial during examination of cerebrospinal-fluid containing complex structures, and the acquisition time, which is approximately 5 min for scanning of entire cranium. Recent data revealed that T2-weighted (T2W) 3D-SPACE with variant flip-angle mode (VFAM) imaging allows fast and accurate evaluation of the hydrocephalus patients during both pre-and post-operative period for monitoring the treatment. For a better assessment of these patients; radiologists and neurosurgeons should be aware of the details and implications regarding to the 3D-SPACE technique, and they should follow the updates in this field. There could be a misconception about the difference between T2W-VFAM and routine heavily T2W 3D-SPACE images. T2W 3D-SPACE with VFAM imaging is only a subtype of 3D-SPACE technique. In this review, we described the details of T2W 3D-SPACE with VFAM imaging and comprehensively reviewed its recent applications.
Keywords Hydrocephalus · CSF · 3D-SPACE · Third ventriculostomy · Ventriculo-peritoneal shunt · Variant flipangle · MR · 3T spin-echo technique with extremely larger turbo factors (> 100) and relatively longer time of relaxation (TR) [2] . The major advantages of this technique are the lower specific absorption rate (SAR) value which makes it safe for using in 3-tesla (3T) scanners and the reasonable acquisition time which takes approximately 5 min for scanning the entire cranium. It provides isotropic three-dimensional (3D) data which is resistant to the most of the artifacts, particularly the susceptibility artifacts [2] [3] [4] [5] .
Flip angle mode (FAM), echo train duration/design, TR and time of echo (TE) values are modified for changing contrast behavior in T2W images in three different ways [2] . For instance, if TE is selected as 580 ms and FAM is selected as variant; variant FAM (VFAM) images are acquired in which mobile structures such as CSF and blood is evaluated with a low signal. In this sequence, when FAM is switched to a constant FAM without changing any other parameters, heavily T2W images are obtained. In the other hand, when TE is fixed to 140 ms and the FAM is kept constant; images, equivalent to conventional T2W images, are obtained [2] . This flexibility of the 3D-SPACE technique should be well known to use the right nomenclature and assess accurately.
The mobile or flowing CSF is seen hypointense on T2W 3D-SPACE VFAM images because of the motion sensitivity is due to the low flip-angle values in the series of variable flip-angles [2] (Fig. 2 ). This feature is useful for differentiation of flowing CSF from stagnant or trapped CSF. Thus, it can provide fast, effective and problem solving data about CSF circulation [1, 3] . Isotropic data covering the entire cranium allows obtaining accurate reformatted images, which is helpful in standardizing the protocol, reduces the need for additional scanning and, therefore, decreases total imaging time and increases patient compliance [5] [6] [7] [8] [9] . As a result, T2W 3D-SPACE VFAM acquisition at 3T is a fast, flexible and efficacious technique with substantial SAR reduction to evaluate almost all of the patients with hydrocephalus accurately [1, 3] . Therefore; in the last few years, in our institution, T2W 3D-SPACE VFAM images have been obtained for the evaluation of the patients with diagnosis or suspicion of hydrocephalus, as a crucial part of the protocol which is described in detail in Table 1 .
As described above; image contrast of T2W 3D-SPACE VFAM is far different from routine conventional T2W images. Therefore, there is a significant learning curve for fast and accurate interpretation of the images. As we showed previously, T2W 3D-SPACE VFAM imaging is a reliable tool with good to perfect intra-observer and inter-observer agreement values [3, 9] .
In daily routine clinical practice; 3D-heavily T2W images are also required for an optimal evaluation of some patients with obstructive hydrocephalus [8] [9] [10] [11] . So far 3D constructive-interference in steady-state (3D-CISS) has been the mostly used sequence for this purpose [11] . Although this sequence is useful to demonstrate the anatomic details, evaluation of luminal patency and distinction of fluid from tissue thanks to its high SNR, it has some limitations including poor soft-tissue resolution, limited slab thickness and long acquisition times [6] [7] [8] [9] . Other disadvantages of this technique are dark banding, slab boundary, and susceptibility artifacts due to its gradient-echo schema [12, 13] .
3D-heavily T2W images, which are obtained as mentioned above on the basis of 3D-SPACE technique with constant FA mode and a relatively higher effective TE, can overcome those limitations and may be used instead of gradient-echo based 3D-heavily T2W sequences [1] . T2W 3D-SPACE VFAM is a problem solving technique in most of the cases but heavily T2W 3D-SPACE images may be complementary with equivocal results in complex cases [3] .
It has been shown that there is a good correlation between the T2W 3D-SPACE VFAM and PC-MRI based evaluations [3, 9] . Therefore, T2W 3D-SPACE VFAM imaging reduced the need for PC-MRI images attributed to its own advantages. In some cases T2W 3D-SPACE VFAM imaging may avoid misinterpretation due to false positive results from PC-MRI [7] [8] [9] . In Table 2 , advantages and disadvantages T2W 3D-SPACE VFAM imaging were given when compared with PC-MRI and gradient-echo based 3D-heavily T2W images.
Hydrocephalus
Hydrocephalus is called ventriculomegaly (Evans index > 0.3) and it affects 1-2% of the population [14] . Establishment of the diagnosis and management of hydrocephalus are still challenging issues mainly due to the insufficient data regarding to the physiology and pathophysiology of the process [15] . Therefore, classification, [16] . Among the treatment alternatives; surgery has come to fore and in daily practice ventriculo-peritoneal shunt (VPS) and endoscopic third ventriculostomy (ETV) are the most commonly used procedures [15] . T2W-VFAM 3D-SPACE imaging demonstrates the morphologic features of hydrocephalus (e.g. ventriculomegaly, normal or narrowed cortical sulci, enlargement of the third ventricular recesses and lateral ventricular horns, periventricular interstitial edema, thinning and elevation of the corpus callosum) by a fast and accurate way [3] . In addition, T2W-VFAM 3D-SPACE findings are important for planning the management as well as follow-up of the patients [1] .
Obstructive hydrocephalus
Tumor, cyst, adhesion, web/membrane, infection, inflammation or vascular anomalies may lead to direct or indirect obstruction at any level but particularly at the level of foramina [17, 18] . T2W 3D-SPACE VFAM imaging helps to determine the etiology and location of blockage in obstructive hydrocephalus [1, 19] (Fig. 3) . Although aqueduct is the place where obstruction is mostly detected, disorders may lead to complete or partial obstruction at the level of all the other foramina (e.g. foramen of Monro, foramen magnum, fourth ventricle's outlet) as well [8, 17] . T2W 3D-SPACE VFAM may play a pivot role as the problem solving method during diagnosis, since it allows multiplanar evaluation of vascular structures with a complex morphology and CSF distribution-volume analysis [6, 18] . a) . The patient who undergone ETV, has patent stoma (white arrow, a). In the second case complete stenosis in the distal aqueduct is seen due to a tectal glioma (white arrow) and venous vascular variation (black arrow) (b). In the third case fourth ventricle outlet and foramen magnum stenosis are demonstrated secondary to Chiari malformation (arrow in c)
Evaluation of endoscopic or spontaneous third ventriculostomy (ETV or STV)
Endoscopic third ventriculostomy has become the primary CSF diversion method used in the treatment of obstructive hydrocephalus [20] . Occasionally the diversion is spontaneously formed by tearing of one of the walls of the third ventricle, which is mostly the inferior wall. This entity is called STV. If STV leads to a regression in patient's symptoms, an additional intervention is usually unnecessary [9] . Spontaneous third ventriculostomy can be detected with high accuracy using T2W 3D-SPACE VFAM imaging in preoperative period. Thus, unnecessary surgical interventions can be avoided in patients who would undergo CSF diversion procedures [9] . T2W 3D-SPACE VFAM imaging is useful in determining the CSF diversion methods that should be used in case of obstructive hydrocephaly. For instance, in patients with existing membranes in the prepontine cistern or in the cervical subarachoid space, which will prevent CSF circulation or in patients with narrow foramen magnum, ETV should not be considered [6] . Endoscopic aqueductoplasty can be preferred as the initial restorative method in patients with occlusion within the aqueduct secondary to the webs [8] . Interpedincular, suprasellar and prepontine cisterns are very narrow and can be obstructed easily in patients with subarachnoid hemorrhage or meningeal infection [21] . In these cases, failure rate is high in ETV procedure. Factors affecting the failure risk of ETV can be summarized as follows; complex third ventricular anatomy, thickened/twisted Liliequist membrane or third ventricular floor, thickened prepontine or cervical cistern membranes, adhesions in the subarachnoid space, non-visible aqueduct obstruction, normal or minimally dilated third ventricular recesses, and/or small stoma [6, 20, 21] . All of these findings can be demonstrated using only T2W 3D-SPACE VFAM technique in a fast, effective and a more convenient way for the patients [6, 7] .
Qualitative and quantitative analyses of PC-MRI acquisitions may not always give accurate data about the success of ETV due to various reasons (such as artifacts due to complex CSF flow, inaccurate slice position, inappropriate velocity encoding value, or heart arrhythmia) [22] . In addition, there is not a definite cut-off value that evaluates the patency of ETV. Due to these limitations, 3D-heavily T2W images which can increase the acquisition time are frequently added in the MRI protocol, when PC-MRI is necessary [6, 7] . It is also possible to evaluate the presence of STV and/or the condition of ETV with MR ventriculography or cisternography as previously suggested [17, 22] . However, these techniques are highly invasive, require experience and carry some risks due to the injection of contrast agent into the subarachnoid space [17, 22] . T2W 3D-SPACE VFAM technique overcomes all of those limitations of PC-MRI, gradient-echo based 3D-heavily T2W, and MR ventriculography/cisternography [6, 7] (Fig. 4) .
Liliequist membrane patency and its morphology
Liliequist membrane (LM) forms a complete division in the basal subarachnoid space [21] . Thus; LM fenestration has crucial importance for success of ETV [23] . LM is thicker and more resistant in patients with long-standing hydrocephalus when compared with LM in patients who have newly developed hydrocephaly. LM may not be always visualized during ETV procedure [23] . Unless LM is fenestrated during ETV procedure, accurate CSF flow from third ventricle into the prepontine cistern or foramen magnum cannot be established [20] . Although the importance of LM is well understood; morphology, attachment sites and variation regarding to this structure is not fully known and there have been several conflicting reports published [20] [21] [22] [23] . This may be attributed to the fact that LM is a very thin membrane and shows variations, thus it is challenging to establish Besides it may be patent in some patients (a), whereas it may be fenestrated in others (e and f). Asterisk in e non-communicating intraventricular arachnoid cyst, asterisk in f menengioma, black arrows aqueductal flow voids (arrow, a) . Sagittal 3D-SPACE VFAM images of the same patient demonstrate the obstruction (arrow, b) and functional shunt catheter (arrow, c). After the shunt operation rhinorrhea is completely regressed. Second patient is a 20-year old female with Chiari malformation. She has progressive headache and previously implanted VPS (d-f). On 3D-SPACE VFAM images of the patient, decreased fourth ventricular CSF flow, excessive signal void in foramen magnum, which is seen in most of the patients with Chiari (arrow, d), and non functional shunt catheter that was misplaced in the superior orbital fissure (arrow, e), adhesions beside the catheter (arrow, f) are demonstrated. Another nonfunctional shunt catheter due to thalamic insertion of catheter tip (arrow in g). Last patient with VPS has a progressive ventriculomegaly and headache. On sagittal plain radiogram, VPS is intact (h). However; it was seen that the distal end of the catheter was not moving freely and was adhered to lateral ventricle (arrow, i) on 3D-SPACE VFAM images that were taken in prone position. This finding is usually seen in shunts that are obstructed by fibrin-cuff or adhesions Coronal image of this patient demonstrates dilatation of the temporal horns without hippocampal atrophy (arrows), decreased callosal angle, thinned corpus callosum, effacement of convexity sulci without narrowed Sylvian cisterns, normal hippocampi, and increased Evans ratio (h). Parasagittal image of the patient shows non-dilated parahippocampal fissure (arrow) and normal hippocampus with enlarged atrium of lateral ventricle (i) all aspects of these structures with MRI [21] . Thus, data about this structure is mostly provided from cadaver studies (Fig. 5) .
Although demonstration of some segments of LM is possible using only 3D-heavily T2W technique, it may be impossible to display the entire morphology of this structure. Showing its relation with the third ventricle and the alterations taking place in CSF flow caused by the LM and to obtain an accurate classification are almost impossible.
It is not possible to demonstrate morphology of the ventricular system and CSF hemodynamic using T2W 3D-SPACE VFAM technique by its own, however, it can provide the data about the morphology of LM and can demonstrate whether it allows flow or not in a short time and accurate way [24] . Morphological (complex shape) or structural (doublet or triplet membrane type) may change the endoscopic surgery procedure or success rate. According to our unpublished data; in cases with complex shaped or doublet-triplet LM, 3D-heavily T2W images may provide additional data in this situation.
Assessment of ventriculo-atrial or ventriculo-peritoneal shunt (VPS)
Complications of these shunts commonly occur due to obstruction, disconnection or infection [25] . Shunt failure occurs in about one third of the patients within the first year; therefore, radiologic evaluation is indicated [14] . In a daily routine practice, programmable VPSs are the mostly preferred technique and most of them are 3T MRcompatible [14, 25] . T2W 3D-SPACE VFAM technique is a useful method for the evaluation of integrity, position, and morphology of the shunt without artifacts of shunt reservoir [1] . In addition, early and late complications of the procedure (such as subdural-epidural effusions, neuronal damages, fibrin cuff around catheter tip) can be easily evaluated with isotropic (1 < mm 3 ) T2W-VFAM 3D-SPACE data (Fig. 6 ). For the indeterminate cases 3D-heavily T2W SPACE images and plain radiographs may be complimentary [14] . Programmable shunts should be readjusted after MRI examination.
Normal pressure hydrocephalus
Normal pressure hydrocephalus (NPH) is diagnosed based on clinical symptoms. Nevertheless, it does not always manifest with classical findings including normal opening CSF pressure, gait apraxia, dementia, and/or urinary incontinence [26] . In these cases it is challenging to differentiate NPH from other reasons of dementia by clinical, laboratory and/ or routine MRI findings [27] . On the other hand, differentiation is critical since NPH can be managed by CSF diversion (generally VPS) contrary to the other etiologies of dementia [26] . Both for diagnosis and predicting shunt response, various additional radiologic evaluations including quantitative PC-MRI analysis, cisternographic studies have been required up to now [17, 27] . All these extra imaging studies increase the total examination time, require experience and affect patient compliance negatively. Besides, their efficacy in diagnosis and prediction of response to the shunt operation are debatable [26] [27] [28] [29] .
T2W 3D-SPACE VFAM technique may provide morphologic and physiologic information which is beneficial in differentiating NPH from other pathologies that lead dementia [3] . Some of the findings that favor NPH diagnosis are the existence of excessive aqueductal flow void phenomenon (that reach the inferior wall of the fourth ventricle), increased frontal horn radius, enlarged Sylvian fissures and lateral ventricles but tight convexity sulci (disproportionately enlarged subarachnoid space pattern), decreased mamillopontine distance, concave third ventricular floor, normal perihippocampal fissures, increased callosal height, and decreased callosal angle [29] [30] [31] (Fig. 7) . These findings support the diagnosis of NPH; however, those cannot be used for predicting the shunt failure precisely [28] [29] [30] . Detailed analysis of the hippocampal structures and more global assessment of all intracranial elements are main advantages of the technique. As a result of this section, it is clear that the T2W 3D-SPACE VFAM technique can be used for the assessment of patients with suspected NPH.
Conclusion
T2W 3D-SPACE VFAM imaging provides physiologic information about CSF hydrodynamics in a non-invasive way without giving up anatomic detail. Morphology of CSF containing spaces, position and integrity of VPS, patency or presence of third ventriculostomy, CSF hydrodynamics, CSF related tiny membranes, and other associated findings are better evaluated with this method. In addition, it decreases acquisition time and costs, and increases patient compliance by decreasing the need for invasive techniques or additional examinations. Therefore, it should be considered in routine use for patients with CSF disorders.
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